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ABSTRACT UV irradiation induces apoptosis in U937
human leukemic cells that is accompanied by the activation of
both the stress-activated protein kinase (SAPK) and p38
mitogen-activated protein kinase (MAPK) signal transduc-
tion pathways. The MAPK phosphatase, MKP-1, is capable of
inactivating both SAPK and p38 MAPK in vivo. To determine
whether MKP-1-mediated inhibition of SAPK andyor p38
MAPK activity provided cytoprotection against UV-induced
apoptosis, a U937 cell line conditionally expressing MKP-1
from the human metallothionein IIa promoter was estab-
lished. Conditional expression of MKP-1 was found to abolish
UV-induced SAPK and p38 MAPK activity, and inhibit UV-
induced apoptosis as judged by both morphological criteria
and DNA fragmentation. MKP-1 was also found to inhibit
other biochemical events associated with apoptosis, including
activation of caspase-3 and the proteolytic cleavage of the
caspase-3 substrate, poly(ADP ribose) polymerase. These
findings demonstrate that MKP-1 acts at a site upstream of
caspase activation within the apoptotic program. The cyto-
protective properties of MKP-1 do not appear to be mediated
by its ability to inhibit p38 MAPK because the p38 MAPK
specific inhibitor SB203580 had no effect on UV-induced
apoptosis in U937 cells. Furthermore, by titrating the level of
MKP-1 expression it was found that MKP-1 inhibited UV-
induced SAPK activity, DNA fragmentation, and caspase-3
activation in a similar dose-dependent manner. The dual-
specificity phosphatase, PAC1, which does not inhibit UV-
induced activation of SAPK, did not provide a similar cyto-
protection against UV-induced apoptosis. These results are
consistent with a model whereby MKP-1 provides cytoprotec-
tion against UV-induced apoptosis by inhibiting UV-induced
SAPK activity.

Recently, much emphasis has been placed on the role of
stress-activated protein kinase [SAPKyc-Jun N-terminal pro-
tein kinase (JNK)] and p38 mitogen-activated protein kinase
(MAPK) in coupling cellular stress signals with the apoptotic
machinery (1). Multiple apoptotic stress stimuli, including
UV- and g-irradiation, heat shock, protein synthesis inhibitors,
DNA-damaging agents, and the proinflammatory cytokines
tumor necrosis factor a and interleukin 1 (IL-1), are potent
activators of the SAPKs (2–5). Although SAPK and p38
MAPK are coordinately regulated in response to many forms
of apoptotic cellular stress, the role of these kinases in acti-
vating apoptosis remains unclear. Expression of a constitu-
tively active mutant of MEK kinase-1 (MEKK1), an upstream
activator of SAPK, has been shown to induce apoptosis in a
variety of cell types (6–8). Furthermore, cells expressing
dominant-inhibitory mutants within the SAPK pathway be-

come highly resistant to stress-induced apoptosis (7–11). In
this regard, expression of dominant-inhibitory mutants of
MEKK1, SAPK/extracellular signal-regulated kinase (ERK)
kinase 1, or SAPK is sufficient to block apoptosis in response
to UV- and g-irradiation (8–11). However, there are conflict-
ing reports concerning the involvement of SAPK and p38
MAPK in mediating tumor necrosis factor a- or Fas-induced
apoptosis (9, 12–16). Thus, distinct molecular mechanisms may
mediate apoptosis in response to specific stress stimuli, some
of which may involve activation of the SAPK signal transduc-
tion pathway.

The MAPKs—ERK, SAPK, and p38 MAPK—are activated
by the reversible dual threonine and tyrosine phosphorylation
of a conserved T-X-Y motif (3–5). The reversible nature of
MAPK phosphorylation suggests that phosphatases play a key
role in regulating MAPK activity. A growing family of dual
specificity phosphatases, termed MAPK phosphatases (MKP),
have been identified that inactivate MAPKs by dephosphor-
ylation of these phosphothreonine and phosphotyrosine resi-
dues. The prototypic member of this family, MKP-1 (CL100y
3CH134yerp), was originally identified as an ERK-specific
phosphatase (17–20). However, it is now well established that
MKP-1 is also capable of inactivating both SAPK and p38
MAPK (5, 21–28). Furthermore, we have shown that MKP-1
exhibits a higher specificity for p38 MAPK and SAPK than for
ERK2 in U937 cells (28). Thus, substrate specificity of the
MKP family members varies significantly. In this regard, the
dual-specificity phosphatase, PAC1, which is closely related to
MKP-1, is capable of inactivating ERK2 and p38 MAPK, while
exhibiting very little activity toward SAPK (22, 29, 30).

In this study, we have exploited the ability of MKP-1 to
inactivate SAPK and p38 MAPK as a unique means to
examine whether inhibition of UV-induced activation of these
stress kinases would provide cytoprotection against apoptosis.
Inhibition of UV-induced SAPK and p38 MAPK activation by
conditional expression of MKP-1 was found to inhibit UV-
induced apoptosis, DNA fragmentation, activation of
caspase-3, and cleavage of the death substrate poly(ADP-
ribose) polymerase (PARP). The cytoprotective properties of
MKP-1 do not appear to be mediated by p38 MAPK, as
evidenced by the inability of a pharmacologic inhibitor of p38
MAPK to effect UV-induced apoptosis. Titration of the level
of MKP-1 expression demonstrates that the dose-dependency
of this cytoprotection correlates most closely with the inacti-
vation of SAPK, and not p38 MAPK. Furthermore, condi-
tional expression of the dual-specificity phosphatase, PAC1,
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which does not inhibit SAPK activity, does not elicit a similar
protective response. In aggregate, these findings support a
model whereby MKP-1 may play a physiological cytoprotective
role by inhibiting activation of SAPK and blocking activation
of the apoptotic machinery.

MATERIALS AND METHODS

Plasmids, Reagents, and Production of Stable Cell Lines.
The human metallothionein IIa (hMTIIa)-MKP1(myc) ex-
pression vector has been described (28). hMTIIa-PAC1 was
prepared by subcloning a 1.5-kb EcoRI fragment from
pMT2T-PAC1 (a gift from K. Kelly, ref. 22) into pcDNA3. The
PAC1 insert was then subcloned into the KpnIyXhoI site of
pMEP4 (Invitrogen). U937 cells were cultured in RPMI 1640
medium supplemented with 10% heat-inactivated bovine calf
serum (31). Stable cell lines were established as described (32).
UV irradiation was performed by using a UV Stratalinker
1800 (Stratagene). Glutathione S-transferase (GST)-cJun(5–
89) has been described (27). GST-ATF2(1–109) was provided
by M. Green (University of Massachusetts, Worcester). The
anti-Myc epitope mAb 9E10 was provided by N. Tonks and H.
Sun (Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY). The p38 MAPK (C-20), PAC1 (N-19), and PARP (C-19)
antibodies were purchased from Santa Cruz Biotechnology.
The ERK2 (107) antibody was obtained from Zymed. Ac-
YVAD-AMC, Ac-DEVD-AMC, and the p38 MAPK inhibi-
tor, SB203580, were purchased from Alexis Biochemicals (San
Diego).

Protein Kinase Assays, Western Blot Analysis, and Immu-
noprecipitation. Whole-cell extracts were prepared as de-
scribed (28). SAPK activity was measured by the solid-phase
kinase assay by using GST-cJun(5–89) as substrate (2). p38
MAPK activity was determined by immunocomplex kinase
assay by using anti-p38 MAPK immunoprecipitates and GST-
ATF2(1–109) as substrate (5, 28). Inducible MKP-1(myc)
protein expression from the hMTIIa promoter was analyzed
exactly as described (28). For Western blot analysis, whole-cell
extracts were resolved by SDSyPAGE and electroblotted onto
nitrocellulose. PARP and PAC1 expression were determined
by Western blot analysis as described (27).

Analysis of Apoptosis. For DNA fragmentation studies, cells
(0.5–1 3 106) were harvested and lysed as described (33). DNA
was resolved in 2% agarose gels containing ethidium bromide
in TAE (40 mM Tris-acetate and 1.0 mM EDTA, pH 8.0) and
was visualized by UV illumination. DNA fragmentation was
quantified by f luorescence-activated cell sorter analysis
(FACS) of cells stained with propidium iodide (PI). Cells
('5 3 105) were incubated for 30 min at 23°C in stain solution
(0.3% saponiny25 mg/ml PIy0.1 mM EDTAy125 units/ml
RNase A). Cells were then analyzed for cell cycle distribution
by FACS analysis and cells appearing as a sub-G1 peak were
scored as apoptotic. For analysis of caspase activity, cells were
lysed for 10 min on ice in caspase lysis buffer (50 mM Tris, pH
7.4y1 mM EDTAy10 mM EGTAy10 mM digitonin). Soluble
protein (50 mg) was incubated for 30 min at 37°C in 100 ml of
caspase lysis buffer containing 20 mM Ac-DEVD-AMC
(caspase-3) or Ac-YVAD-AMC (IL1-b-converting enzyme)
and fluorescence monitored on a PerSeptive Biosystems Cyt-
ofluor Series 4000 multiwell plate reader with an excitation
wavelength of 360 nm and an emission wavelength of 460 nm.
Substrate autoflourescence was subtracted from each value,
and data are presented as fold activation over lysates from
untreated cells.

RESULTS

Conditional Expression of MKP-1 Abolishes UV-Induced
SAPK and p38 MAPK Activity. We have recently shown that
conditional expression of the MAPK phosphatase, MKP-1,

preferentially inhibits PMA-induced p38 MAPK and SAPK
activity in U937 cells (28). We thus sought to determine
whether conditional expression of MKP-1 inhibited UV-
induced SAPK and p38 MAPK activity in U937 cells. Condi-
tional expression of MKP-1 was accomplished using the heavy
metal-inducible hMTIIa promoter (28). U937 cells were trans-
fected with either a hMTIIa vector or hMTIIa-MKP1 and
stable cell lines derived by selection in the presence of hygro-
mycin. Very little MKP-1 protein expression was detected in
uninduced hMTIIa-MKP-1 cells, whereas treatment for 4 h
with 1 mM CdSO4 induced an approximate 50-fold increase in
MKP-1 protein expression (Fig. 1A). To determine the effect
of conditional expression of MKP-1 on UV-induced SAPK
and p38 MAPK activity, U937 cells stably expressing hMTIIa-
MKP-1 were exposed to UV radiation (200 Jym2) and kinase
activities determined after various periods of time. UV radi-
ation induced a rapid activation of both SAPK and p38 MAPK
(Fig. 1B, 2Cd11). Activation of both SAPK and p38 MAPK
was transient with maximal activation occurring 30 min po-
stirradiation. UV radiation induced a more potent activation
of SAPK (10- to 20-fold) than p38 MAPK (2- to 5-fold).
Consistent with previous studies, UV radiation was found to
have no effect on ERK2 phosphorylation in U937 cells (ref. 28,
data not shown). Conditional expression of MKP-1 by pre-
treatment with CdSO4 abolished UV-induced SAPK and p38
MAPK activity (Fig. 1B, 1Cd11).

Conditional Expression of MKP-1 Inhibits UV-Induced
Apoptosis. Because conditional expression of MKP-1 abol-
ished UV-induced SAPK and p38 MAPK activity, which have
been implicated in UV-induced apoptosis, the ability of
MKP-1 to protect U937 cells against UV-induced apoptosis
was examined. Exposure of hMTIIa-MKP-1 U937 cells to UV
radiation induced a time-dependent increase in internucleo-
somal DNA fragmentation (Fig. 2A, 2Cd11), which is char-
acteristic of apoptotic cell death (34). Preinduction of MKP-1
protein expression with CdSO4 abolished UV-induced DNA
fragmentation in the hMTIIa-MKP-1 U937 cell line (Fig. 2 A,
1Cd11). DNA fragmentation was quantified by FACS anal-
ysis of cells stained with PI. Cells were analyzed for cell cycle
distribution by FACS analysis and cells appearing as a sub-G1
peak were scored as apoptotic. UV radiation was found to

FIG. 1. Conditional expression of MKP-1 inhibits UV-induced
SAPK and p38 MAPK activity. (A) U937 cells were transfected with
either hMTIIa vector or hMTIIa-MKP-1(myc) and stable cell lines
derived by selection in the presence of hygromycin B. Cells were
metabolically labeled for 4 h with [35S]methionine in the presence or
absence of 1 mM CdSO4 (Cd11). MKP-1(myc) protein was immu-
noprecipitated from whole-cell extracts with the anti-Myc antibody
9E10, resolved by SDSyPAGE, and visualized by fluorography. (B)
U937 cells expressing hMTIIa-MKP-1 were pretreated in the absence
or presence of 1 mM CdSO4 for 4 h before exposure to UV irradiation
(200 Jym2). Cells were incubated for the indicated times and SAPK
and p38 MAPK activity determined as described in Materials and
Methods.
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induce 30–40% DNA fragmentation after 8 h and conditional
expression of MKP-1 reduced this by 80% (Fig. 2B). There-
fore, conditional expression of MKP-1 provided significant
protection against UV-induced DNA fragmentation and apo-
ptosis.

Apoptosis is characterized biochemically by the activation of
a family of IL1-b-converting enzyme-like cysteine proteases
termed caspases (35, 36). Caspase-3, a central executioner of
most forms of apoptosis (35, 36), is activated in U937 cells
induced to undergo apoptosis in response to various stress-
inducing agents (37, 38). To determine whether MKP-1-
mediated inhibition of UV-induced DNA fragmentation was
accompanied by an inhibition of UV-induced caspase-3 activ-
ity, lysates from UV-irradiated cells were analyzed for
caspase-3 activity using the fluorogenic caspase-3 substrate,
Ac-DEVD-AMC (39). In uninduced hMTIIa-MKP-1 U937
cells, UV radiation induced a time-dependent increase in
caspase-3 activity (Fig. 2C, 2Cd11). Conditional expression
of MKP-1 nearly abolished UV-induced caspase-3 activity for
up to 8 h postirradiation (Fig. 2C, 1Cd11). No activation of
IL1-b-converting enzyme-like caspases was observed in re-
sponse to UV radiation as determined utilizing the fluorogenic
substrate Ac-YVAD-AMC (data not shown), suggesting that
IL-b-converting enzyme-like proteases do not play a role in
UV-induced apoptotic cell death in U937 cells.

A variety of caspase-3 substrates have been identified that
may play a role in mediating apoptosis, including PARP (35,
36). Caspase-3 cleaves PARP at a consensus DEVD motif
producing an 85-kDa fragment (36). To determine whether
MKP-1 inhibited caspase-3-mediated cleavage of PARP in
vivo, cell lysates from UV irradiated cells were examined for
PARP cleavage by Western blot analysis. UV radiation in-
duced the cleavage of PARP from a 116-kDa holo-enzyme to

its characteristic 85-kDa fragment in uninduced hMTIIa-
MKP-1 cells (Fig. 2D, 2Cd11). Preinduction of MKP-1
protein expression, however, abolished the appearance of this
PARP fragment (Fig. 2D, 1Cd11). Conditional expression of
MKP-1 also inhibited UV-induced cleavage of PKCd (data not
shown), which is also a caspase-3 substrate in U937 cells
induced to undergo apoptosis (33). Although heavy metals,
such as Zn21 and Cd21, have been shown to inhibit both
Ca21-dependent endonuclease and caspase-3 activity (40, 41),
CdSO4 pretreatment had little effect on UV-induced DNA
fragmentation, caspase-3 activation or PARP cleavage in a
U937 cell line stably expressing the hMTIIa vector alone (data
not shown). Thus, the protective effects observed upon treat-
ment of hMTIIa-MKP-1 U937 cells with CdSO4 are caused by
the induction of MKP-1 protein expression and not by an
indirect effect of Cd21 on the apoptotic machinery. These
studies suggest that conditional expression of MKP-1 serves a
cytoprotective function in U937 cells by inhibiting UV-induced
activation of the apoptotic pathway at a site upstream of
caspase-3.

MKP-1-Mediated Protection Against UV-Induced Apopto-
sis Correlates with the Inhibition of SAPK Activity. We have
previously demonstrated that the relative level of MKP-1
expression from the hMTIIa promoter is exquisitely sensitive
to the concentration of CdSO4 used for induction (28). By
titrating the level of MKP-1 expression from the hMTIIa
promoter, we have been able to demonstrate a substrate
specificity for MKP-1 of p38 MAPK .. SAPK . ERK2 (28).
This approach was exploited to determine whether the efficacy
by which MKP-1 inhibits UV-induced SAPK correlated with
the inhibition of UV-induced apoptosis. hMTIIa-MKP-1 U937
cells were pretreated with increasing concentrations of CdSO4
for 4 h, exposed to UV radiation and SAPK activity, caspase-3

FIG. 2. Conditional expression of MKP-1 inhibits UV-induced apoptosis. (A) U937 cells expressing hMTIIa-MKP-1 were pretreated for 4 h
with 1 mM CdSO4 (Cd11) as indicated before exposure to UV radiation (200 Jym2). At the indicated times, chromosomal DNA was isolated,
resolved on a 2% agarose gel and visualized by ethidium bromide staining. (B) DNA fragmentation was quantified by cell cycle FACS analysis
on aliquots of cells treated as above and stained with PI. Cells appearing as a sub-G1 peak were scored as apoptotic. (C) Cells were treated as
above and caspase-3 activity was measured by cleavage of the Ac-DEVD-AMC fluorogenic substrate as described in Materials and Methods. Data
are presented as fold activation over untreated cells and are means 1y2 SEM of three experiments performed in triplicate and assayed in duplicate.
(D) Cells were treated as above and PARP expression and cleavage was determined by Western blot analysis.
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activity and DNA fragmentation analyzed. Titration of the
level of MKP-1 protein expression before exposure to UV
radiation resulted in a dose-dependent inhibition of UV-
induced SAPK activity measured 30 min postirradiation (Fig.
3A). The concentration of CdSO4 required to inhibit 50% of
UV-induced SAPK activity was '30 nM (Fig. 3 A and B). We
have previously shown that the IC50 for inhibition of p38
MAPK activity is 10-fold lower than this ('3 nM) (28).
UV-induced caspase-3 activity measured 8 h postirradiation
was inhibited with an almost identical dose-dependency to that
observed for SAPK ('30 nM) (Fig. 3B). Furthermore, a
similar dose-dependent inhibition of UV-induced DNA frag-
mentation was observed (Fig. 3C). When quantitated by FACS
analysis of PI-stained cells, a slightly higher concentration of
CdSO4 was required for half-maximal inhibition of DNA
fragmentation (Fig. 3C, % frag). This may indicate that a
threshold level of caspase-3 activity is required for the com-
mitment to apoptosis and DNA fragmentation. In aggregate,
these results demonstrate that the cytoprotective effects of
MKP-1 correlate in a dose-dependent manner with the inhi-
bition of UV-induced SAPK activity.

UV-Induced Apoptosis in U937 Cells Is Not Mediated by p38
MAPK. Although the cytoprotective effects of MKP-1 corre-
late in a dose-dependent manner with the inhibition of UV-
induced SAPK activity, we directly examined whether p38
MAPK may also play a role in mediating UV-induced apo-
ptosis by using the highly selective p38 MAPK inhibitor,
SB203580 (42, 43). Parental U937 cells were pretreated with 10
mM SB203580 for 1 h before exposure to UV radiation as
indicated (Fig. 4). This treatment protocol has been shown to
result in the functional inhibition of p38 MAPK activity in
U937 cells (44). Pretreatment with SB203580 was found to
have no effect on either UV-induced caspase-3 activity (Fig.
4A) or DNA fragmentation (Fig. 4B). Furthermore, the p38
MAPK inhibitor had no effect on UV-induced cleavage of the
death substrate, PARP (data not shown). These findings
suggest that p38 MAPK activation does not play an integral
role in UV-induced apoptotic signaling in U937 cells. Thus,
although MKP-1 abolished UV-induced activation of both
SAPK and p38 MAPK, it is unlikely that the cytoprotective
effects of MKP-1 are mediated by inhibition of UV-induced
p38 MAPK activity.

Conditional Expression of PAC1 Does Not Provide Cyto-
protection Against UV-Induced Apoptosis. To determine
whether cytoprotection against UV-induced apoptosis was a
general characteristic of all dual-specificity phosphatases or
was dependent on substrate specificity toward SAPK, similar
studies were performed with the dual-specificity phosphatase,
PAC1 (29, 30). PAC1 has been shown to inactivate both ERK2
and p38 MAPK, but not SAPK, in transient transfection
studies (22, 30). The ability of PAC1 to inhibit UV-induced
apoptosis was examined by establishing an inducible hMTIIa-
PAC1 U937 cell line. Treatment of the hMTIIa-PAC1 U937
cell line with CdSO4 for 4 h resulted in a potent induction of
PAC1 protein expression (Fig. 5A). In a manner identical to
MKP-1 (28), conditional expression of PAC1 inhibited PMA-
induced ERK2 phosphorylation (Fig. 5B Upper). However,
unlike MKP-1, conditional expression of PAC1 had no effect
on UV-induced SAPK activity (Fig. 5B Lower). This substrate
specificity for PAC1 is consistent with previous transient
transfection studies (22) and demonstrates that although con-
ditional expression of PAC1 was functionally active, it exhib-
ited no activity toward UV-induced SAPK activity in U937
cells. We have proposed that the anti-apoptotic effects of
MKP-1 are mediated by the inhibition of UV-induced SAPK
activity. We therefore examined the effect of conditionally
expressing PAC1 on UV-induced DNA fragmentation. Con-
ditional expression of PAC1 had no effect on UV-induced

FIG. 3. MKP-1 cytoprotection against UV-induced apoptosis cor-
relates with inhibition of SAPK activity. (A) U937 cells expressing
hMTIIa-MKP-1 were pretreated with the indicated concentrations of
CdSO4 for 4 h before exposure to UV radiation (200 Jym2) and after
30 min whole-cell lysates were prepared. SAPK activity was deter-
mined as described (28). (B) Cells were treated as above and caspase-3
activity (E) was determined 8 h postirradiation and is plotted together
with SAPK activity (m) as determined in A above. (C) Cells were
treated as described above and DNA fragmentation was analyzed 8 h
postirradiation as described in Fig. 2. DNA fragmentation was also
quantified by FACS analysis and is reported under each lane (% frag).

FIG. 4. Inhibition of p38 MAPK activity has no effect on UV-
induced apoptosis. Parental U937 cells were pretreated with the p38
MAPK inhibitor SB203580 (10 mM) for 1 h before exposure to UV
radiation (200 Jym2) as indicated. (A) Caspase-3 activity and (B) DNA
fragmentation were analyzed 8 h postirradiation as described (33).
UV-induced DNA fragmentation was also quantified by FACS anal-
ysis and is shown under each lane (% frag).
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DNA fragmentation (Fig. 5C). These findings indicate that,
unlike MKP-1, the dual-specificity phosphatase PAC1 does not
provide cytoprotection against UV-induced U937 cell apopto-
sis.

DISCUSSION

Our results demonstrate that conditional expression of MKP-1
is capable of providing cytoprotection against UV-induced
apoptosis. Furthermore, MKP-1 was found to act at a site
upstream of caspase-3 activation, which is thought to be the
commitment step in the execution phase of the apoptotic
pathway (36). This indicates that a member of the dual-
specificity phosphatase family plays a role in mediating cell
survival by attenuating signaling through the SAPK path-
way(s). Whereas both p38 MAPK and SAPK have been
implicated in mediating stress-induced apoptosis (1, 7), UV
irradiation is a more potent activator of SAPK than p38
MAPK activity in U937 cells. A similar preferential activation
of SAPK by UV irradiation has been reported in Jurkat T cells
(8), 293T cells (8) and a panel of small cell lung cancer cell lines
(11). Furthermore, our inability to block UV-induced apopto-
sis with the p38 MAPK inhibitor, SB203580, and the dose-
dependent correlation between MKP-1-mediated inhibition of
SAPK activity and apoptosis, suggest that the molecular
mechanism mediating the cytoprotective effects of MKP-1
involves the inhibition of SAPK activity, and not p38 MAPK
activity. Given the broad substrate specificity of MKP-1,
however, it is possible that the cytoprotection provided by
MKP-1 results from the inhibition of both SAPK and p38
MAPK. However, such a mechanism is not supported by
previous studies, in which selective inhibition of SAPK acti-
vation using dominant-inhibitory mutants of SAPK or its
upstream activators, SEK1 or MEKK1, is sufficient to block
UV-induced apoptosis in a variety of cell types (8–11). Thus,
while we have previously demonstrated that MKP-1 exhibits a
substrate specificity of p38 MAPK.SAPK, the anti-apoptotic
properties of MKP-1 with regard to UV-induced apoptosis in
U937 cells correlate with inhibition of SAPK activity. Our
findings do not rule out the possibility that additional, perhaps
more relevant, MKP-1 substrates may play a role in mediating
the cytoprotective effects of MKP-1.

Unlike MKP-1, conditional expression of PAC1 did not
provide cytoprotection against UV-induced apoptosis. This
finding demonstrates that the survival advantage provided by

MKP-1 is not a universal characteristic of all dual-specificity
phosphatases. Various members of the MKP family of dual-
specificity phosphatases have been shown to exhibit distinct
substrate specificities for ERK, SAPK, and p38 MAPK (22).
Consistent with previous reports (22, 30), our studies demon-
strate that conditional expression of PAC1 abolishes phorbol
12-myristate 13-acetate-induced activation of ERK2, while
having no activity toward UV-induced SAPK activity in U937
cells. The differential substrate specificities of PAC1 and
MKP-1 toward SAPK, provides further evidence that the
molecular mechanism mediating the anti-apoptotic effects of
MKP-1 involves the specific inhibition of UV-induced SAPK
activity. It remains to be determined whether other dual-
specificity phosphatases that are capable of inactivating SAPK,
such as MKP-2 (22, 45) or M3y6 (46), may play a similar
cytoprotective role.

Although we have demonstrated that ectopic expression of
MKP-1 is capable of inhibiting UV-induced apoptosis, it
remains to be established whether MKP-1 plays a physiological
cytoprotective role by attenuating signaling through the SAPK
pathway. MKP-1 is an immediate early gene product that is
potently induced in response to both mitogenic and stress
stimuli (28, 47–52). We and others have shown that MKP-1
expression is mediated predominantly by ERK activation (23,
28, 52). Xia et al. (7) have proposed that the coordinate
regulation of both growth factor-induced ERK and stress-
induced SAPK or p38 MAPK activity ultimately determines
whether a cell undergoes apoptosis. Thus, ERK-mediated
induction of MKP-1 may play an important role in attenuating
signaling through the SAPK pathway and promoting cell
survival.

Recent evidence suggests that the duration of SAPK acti-
vation may also play a key role in determining cell fate.
Whereas mitogenic stimulation of Jurkat T cells leads to a
transient activation of SAPK, apoptotic stimuli lead to the
persistent activation of SAPK (8). Furthermore, inhibition of
tyrosine phosphatase activity in Jurkat T cells by cotreatment
with sodium orthovanadate prolongs SAPK activation in re-
sponse to mitogenic stimuli and induces apoptosis, rather than
proliferation (8). Thus, not only does the duration of SAPK
activity appear to be an important determinant directing either
proliferation or apoptosis, this effect may be regulated by the
coordinate activity of a dual-specificity phosphatase (8).

Recent studies on prostate carcinogenesis have also dem-
onstrated a correlation between MKP-1 expression and apo-

FIG. 5. Conditional expression of PAC1 does not provide cytoprotection against UV-induced apoptosis. (A) U937 cells were transfected with
hMTIIa-PAC1 and a stable cell line derived by selection in the presence of hygromycin B. Cells were treated for 4 h with 1 mM CdSO4 and PAC1
expression determined by Western blot analysis. (B) Cells were pretreated with 1 mM CdSO4 and then treated with either PMA (200 nM) (Upper)
or UV radiation (200 Jym2) (Lower). After 30 min, cell extracts were analyzed for ERK2 phosphorylation (Upper), or SAPK activity (Lower) as
described in Materials and Methods. (C) Cells were pretreated with 1 mM CdSO4 for 4 h and exposed to UV irradiation (200 Jym2) as indicated.
DNA fragmentation was analyzed 8 h postirradiation as described (33).
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ptosis in vivo (53). MKP-1 was found to be overexpressed in the
preinvasive stage of prostate cancer (53). Consistent with the
studies described here, MKP-1 expression was found to be
inversely related to SAPK activity and apoptosis (53). Fur-
thermore, treatment by androgen ablation caused a reduction
in MKP-1 expression and an increase in SAPK activity, which
correlated with the induction of apoptosis, whereas a subpopu-
lation that did not undergo androgen ablation-induced apo-
ptosis maintained high levels of MKP-1 expression (53). These
findings support a role for MKP-1 in regulating apoptosis in
vivo. In aggregate, these findings along with the results pre-
sented here suggest that MKP-1 may play a physiological role
in enhancing cell survival by attenuating signaling through the
SAPK pathway.
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